
Time-resolved quantitative inter-eye 
comparison of cardiac cycle-induced blood 
volume changes in the human retina 

RALF-PETER TORNOW,1,* JAN ODSTRCILIK,2 AND RADIM KOLAR
2 

1Department of Ophthalmology, Friedrich-Alexander-University of Erlangen-Nuremberg, 91056 
Erlangen, Germany 
2Department of Biomedical Engineering, Faculty of Electrical Engineering and Communication, Brno 
University of Technology, 616 00 Brno, Czech Republic 
*ralf.tornow@web.de

Abstract: We describe a low-cost, easy to use binocular instrument to acquire retinal video 
sequences of both eyes simultaneously. After image registration, cardiac cycle-induced 
pulsatile light attenuation changes can be measured quantitatively with high spatial and 
temporal resolution. Parameters such as amplitude, pulse form, and time shift between light 
attenuation changes can be calculated and compared between eye sides. Deviation from inter-
eye symmetry can be not only an early sign of beginning eye diseases such as glaucoma but 
also a sign of pathological changes in the carotid arteries; hence, this method can improve the 
early detection of pathological changes. Important features compared to existing monocular 
instruments are a narrow band light source with the wavelength close to the peak of the blood 
extinction, and a proportional relationship of image intensity and light intensity, which are the 
main requirements for quantitative evaluation. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

The easily accessible retinal blood vessels, capillaries, and tissue offer possibilities for direct 
observation and a unique possibility to study vascular, neural, and ophthalmic disorders. 
Different parameters of the human eye change according to the cardiac cycle, e.g., the 
intraocular pressure (IOP), eye length, and retinal reflection. The pulsatile changing light 
reflection is due to the pulsatile changing amount of blood in the retinal tissue and vessels [1–
8]. The pulse form and amplitude of the pulsatile changing reflection and the pulsatile 
changing part of the IOP (ophthalmic pulse amplitude) can be related to different factors, e.g., 
the IOP [4] and carotid stenosis [5,9]. 

In early studies describing pulsatile retinal reflection, non-imaging methods were used. 
Using state of the art CCD and CMOS camera technology, the acquisition of video sequences 
of the ocular fundus is also possible and adds high spatial resolution to the existing temporal 
resolution. Retinal video recording and image processing methods have been employed to 
assess different parameters of the eye, e.g., the reaction of the vessel caliber to flickering light 
stimulation [10,11], to assess spontaneous venous pulsation [8,12–15], and to measure 
flickering light-induced reflectance changes of the human papilla and peripapillary region 
[16]. 

In the context of early detection of eye diseases, it is interesting that many parameters in 
glaucoma indicate inter-eye asymmetry. IOP asymmetry is a common finding in patients with 
glaucoma [17]. Inter-eye macular thickness asymmetry and total retinal nerve fiber layer 
(RNFL) thickness are also discussed as promising parameters for identifying early primary 
open-angle glaucoma [18]. De Leon et al. [19] reported differences of retinal arterial and 
venular caliber between both eyes in asymmetric glaucoma and Fansi et al. [20] submitted 
that the rim area to disc area asymmetry ratio (computed from values for the left and right 
eye) appeared to best distinguish between groups of healthy and three different groups of 
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glaucoma progression. To compare these slowly changing or constant parameters between the 
eyes, they can be measured individually. The deviation from symmetry can be an early sign 
of beginning disease. 

However, to compare cardiac cycle-induced fast changing parameters such as pulse form, 
amplitude, and especially time shift between sides, both eyes must be measured 
simultaneously. Whereas non-imaging binocular instruments were described in early 
experiments in photometric studies to measure arm-to-retina circulation times in both eyes 
simultaneously [1,4,21], simultaneous or binocular acquisition is not possible with the current 
retinal imaging technologies. Owing to their size, existing monocular imaging instruments 
cannot be combined to measure both eyes simultaneously. 

The parallel video acquisition of both eyes simultaneously can enable the comparison of 
blood-volume-related parameters between both sides with high temporal and spatial 
resolution for the detection of deviation from symmetry. As the development of diseases such 
as glaucoma and carotid stenosis probably differs between sides at the beginning, the 
detection of any asymmetry could be an opportunity for early diagnosis. 

In this paper, we describe an instrument for the acquisition of retinal video sequences of 
both eyes simultaneously with exact synchronization, a method to quantitatively calculate 
pulsatile attenuation changes from intensity values with high temporal and spatial resolution, 
and different examples demonstrating the characteristics of the presented method and possible 
clinical application. 

2. Experimental system

There are certain indispensable requirements for such an instrument. First, it must be 
sufficiently small to allow both eyes to be measured simultaneously. Secondly, for 
quantitative measurements of the pulsatile attenuation changes, the illumination must be 
stable over time, and thirdly, there must be a proportional relationship between the light 
intensity I in the image plane and the resulting gray value GV of the image (I ∝ GV). Further, 
there should be high contrast for small changes in blood volume, which means the 
wavelength has to be selected so that the light absorption of blood is high. For stable fixation 
during the data acquisition, an effective fixation target must be present. Preferably, the 
instrument should be inexpensive and for a clinical application, it should be easy to use. The 
main components of the developed instrument and the principle of evaluation are described in 
the following sections. 

2.1 Optic design 

2.1.1 Imaging 

The developed instrument was based on the standard principle of fundus cameras [22]. Figure 
1 displays the experimental setup. An ophthalmic lens (40D, Volk Optical Inc, USA) formed 
an intermediate aerial image of the retina in the image plane R2. This image was reimaged by 
a lens system (2 achromatic lenses 2 x 120 mm focal length, Qioptiq, Germany) to the sensor 
plane R3 of a CMOS camera (UI-3060 Rev 2, USB 3.0, IDS Imaging Development Systems 
GmbH, Germany) with 1936 × 1216 pixels. An area of interest of 1000 x 770 pixels was 
selected to match the field of view of the camera to formerly used CCD cameras with a 
smaller sensor [22], without changing the optics. With this setting, one pixel corresponded to 
1.2 arcmin of the field of view. To ensure a linear transfer function, gamma was set to “1”. 
The black level was automatically adjusted by the CMOS sensor. 
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retinal plane R2 could be changed by motor driven z translation stages. The size of one 
ophthalmoscope was approximately 6 × 6 × 35 cm3, which is sufficiently small to place an 
ophthalmoscope in front of each eye. For alignment to the eyes, the ophthalmoscopes were 
attached to two independent slit lamp XYZ mounts. 

2.2 Software and measurements 

2.2.1 Data acquisition 

To ensure exact synchronization of the corresponding images of the video sequences, a 
hardware trigger for the cameras was employed [27]. Data acquisition software was 
developed to select the parameters of the cameras (frame rate, exposure time, gain), to move 
the position of the fixation targets on the OLED displays (to be able to direct the patients 
viewing direction), and to display live images of both cameras on the screen of a laptop. The 
data acquisition software executed on an HP ZBook 14 G2. During data acquisition, the time 
stamp was written to each frame (with millisecond resolution) indicating the moment of 
image capture by each camera to allow verification synchronization offline. 

2.2.2 Image registration 

Despite the use of fixation targets, the acquired video sequences indicated eye movements. To 
compensate for these eye movements, the video sequences were registered offline using a 
two-step process using the first frame of the sequence as a reference [28]. In the first stage, 
large movements were corrected via phase correlation, employing a Fourier shift theorem for 
the estimation of large inter-frame translation. The Lucas-Kanade [29] approach was used in 
the second stage of registration process to increase its precision. The tracking points were 
detected on a vascular tree, which was segmented using eigenvalues of the Hessian matrix of 
the pixel’s neighborhood and Otsu thresholding. Small, segmented regions were consequently 
removed as we assumed that segmented blood vessels create longer structures. Finally, binary 
skeletonization was used to obtain the points on the vessel centerlines, which were used for 
tracking. The basic optical flow approach [29] was used for estimation of the global 
Euclidean transformation matrix for each frame n, employing translation and rotation. The 
final values of translations (Δxn, Δyn) and rotations (Δφn) were computed for each frame by 
merging the data from both stages. These extracted signals were then used for the frame 
registration. Other applications are possible, e.g., eye fixation analysis [30]. 

2.2.3 Measurements 

The study followed the tenets of the declaration of Helsinki for research involving human 
subjects and informed consent was obtained from all participants of the study. The clinical 
application of the method was performed in the framework of the Erlangen Glaucoma 
Registry (EGR), a clinical registry (ClinicalTrials.gov identifier: NCT00494923) for cross 
sectional and longitudinal observation of patients with open-angle glaucoma or glaucoma 
suspect, founded in 1991 [31]. 

Short video sequences of 10 s duration were captured from the ONH of subjects with 
dilated pupils. The video ophthalmoscope does function with undilated pupils with a 
minimum pupil diameter of approximately 2 mm. However, the subjects discussed herein 
were measured with dilated pupils owing to the order of the other clinical investigations. 
Furthermore, dilated pupils decrease the diameter fluctuations (and consequently intensity 
changes) during the acquisition and increase the range of tolerable eye movements without 
disturbing reflection and scattering from the pupil edge. First, the right instrument was 
aligned to the eye such that a clear image of the ONH was visible on the screen and 
reflections were removed or minimized by small XYZ movements of the instrument. Then, 
the subject was asked to maintain fixation, and the left eye was aligned in the same manner. 
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resulting in an attenuation A(n) of the changing part of the blood layer (assuming T + A = 1) 

( ) ( ) ( )
1 1

max

I n
A n T n

I
= − = − (3)

The calculated attenuation A(n) of the changing blood layer is independent of the constant 
parameters of the eye and the instrument (light intensity, camera gain, pupil size, fundus 
reflection) because changing intensity conditions influence both I(n) and Imax. An essential 
condition for the validity of this equation for the resulting gray values of the images is a 
proportional relationship between the light intensity I in the image plane and the resulting 
gray value GV of the image (I ∝ GV). 

2.3.2 Pulsatile attenuation amplitude (PAA) 

The pulsatile attenuation amplitude PAA representing the maximum change in attenuation 
Amax during one heartbeat can be calculated from Eq. (3) with I(n) = Imin 

1 min
max

max

I
PAA A

I
= = − (4)

Equation (4) can also be applied to each pixel of a sequence of frames of an entire heartbeat 
such that the spatial distribution of PAA(x,y) can be calculated (see Fig. 6). The presented 
PAA spatial distribution was calculated for five pulses and the resulting images PAA(x,y) 
were averaged. 

2.3.3 Trend correction 

If an entire sequence (250 frames, approximately 10 heartbeats) is examined, the constant part 
of the light intensity could change slowly owing to small eye movements and loss of optimal 
alignment. Furthermore, the individual heartbeats are not identical and could have marginally 
different amplitude such that it is not useful to use the maximum value of a single heartbeat as 
reference, as in Eq. (3). In this case, the trend signal Iavg(n) of the signal I(n) is calculated by 

( ) ( )12

12 25

m n

avg
m n

I m
I n

= +

= −

=  (5)

The changing transmission Ttrend(n) compared to this trend signal is calculated with 

( )
( )

( )trend
avg

I n
T n

I n
= (6)

resulting in the attenuation 

( )
( ) 1 ( ) 1

( )trend trend
avg

I n
A n T n

I n
= − = − (7)

2.3.4 Presentation of the results 

All results are displayed in the diagrams in the following manner. The reference value is 
either the value at the beginning of a heartbeat (Imax) or the average value (Iavg) according to 
Eq. (3) and Eq. (7), respectively. To avoid negative values and to display the distribution of 
PAA(x,y) as an image or a video sequence, the value “100” was added to all results. Hence, 
the reference value is “100” and a value of “105” indicates a change (increase) of attenuation 
of 5% and “95” a decrease of 5%. Visualization 3 (Fig. 9) presents, as an example, a video 
sequence with calculated PAA(x,y,n) values for one pulse. In this case, the reference value is 
the beginning of the heartbeat at Frame 3 of the video sequence. This video sequence can thus 
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be directly analyzed quantitatively at any area of interest using appropriate software (e.g., the 
live z-profile of ImageJ). To compare the pulse form between sides, the pulses can also be 
normalized to their minimum and maximum. If pulses are averaged, the standard deviation is 
displayed in the diagram. Patient data are covered by gray rectangles in the upper left corner 
of the images and video sequences. 

3. Results

This section describes the evaluation of a typical measurement and includes specific cases 
that demonstrate the potential of the proposed instrument. However, the results displayed 
herein do not yet allow conclusions concerning the correlation of calculated parameters and 
diseases. Table 1 lists the clinical data of the subjects (peripapillary retinal nerve fiber layer 
(RNFL) thickness, IOP, and diagnosis). All subjects had clear media. For details on the 
clinical measurements see [32] and [33]. 

Table 1. Patient data 

Subject displayed in RNFL 
thickness 

[µm] 
Right/Le

ft 

IOP [mmHg] 
Right/Left 

Diagnosis 

Figure 5 63/60 14/16 Glaucoma 
Figure 6(A) and Fig. 7 95/90 15/15 No eye disease 
Figure 6(B) 92/59 16/14 Glaucoma left eye 
Figure 6(C) and Fig. 8 97/94 12/12 No eye disease, macroangiopathy and plaque of the 

carotid communis on both sides 
Figure 9 71/74 11/11 Glaucoma 
Figure 10 74/55 16/14 Glaucoma 

3.1 Evaluation of typical video sequences 

Figure 5 displays a typical recording of 10 s (250 frames). The right eye is presented on the 
left side and the left eye on the right side (corresponding to the convention in ophthalmology). 
The average frames of both eyes of the registered video sequences are displayed in Fig. 5(A) 
(see Visualization 1) along with two selected AOIs. The intensity in these AOIs is indicated 
in Fig. 5(B) with the calculated trend signals Iavg(n) (black lines). There is a small change of 
the average intensity during the first 75 frames. The cardiac cycle-induced intensity changes 
can be clearly observed. The calculated change of attenuation is indicated in Fig. 5(C), and 
Fig. 5(D) displays the calculated distribution of the pulsatile absorption amplitude PAA(x,y). 

The PAA in the selected AOI is approximately 8% ( ± 4%); it changes to a small amount 
from pulse to pulse. The increasing edges of the pulses are considerably similar between both 
sides. The PAA(x,y) indicates a high value at the neuroretinal rim and also at and beside the 
vessels (see below). 

Vol. 9, No. 12 | 1 Dec 2018 | BIOMEDICAL OPTICS EXPRESS 6244 

https://doi.org/10.6084/m9.figshare.7177775


Fig. 5
heartb
displa
lines)
absorp

3.2 Spatial d

As indicated 
distribution an
three subjects
is a glaucoma
without any e
both sides. Ar
and the eye si
PAA can be r

5. Evaluation of 
beats, Frames 72–
aying selected AO
. (C): Change of a
ption amplitude PA

distribution of 

in Fig. 5, the 
nd inter-eye di
s for both eyes
a patient with r
eye disease, ho
reas with high 
ides can be eas
ecognized for 

entire video sequ
–227). (A): Avera

OIs. (B): Intensity 
attenuation calcula
AA(x,y) with selec

the pulsatile 

distribution o
ifferences in P
, Fig. 6(A) is a

reduced RNFL 
owever macroa
PAA at the ne

sily compared. 
further evaluat

uence (10 s, 250 
age frames of righ

in selected AOIs
ated according to 

cted AOIs. 

attenuation a

of the PAA(x,y)
PAA at a glanc
a normal subje
thickness on t

angiopathy and
euroretinal rim
Moreover, pos

tion. 

frames) (see Vis
ght and left eye o
s and calculated tr

Eq. (7). (D): Col

amplitude PAA

y) is a useful t
ce. Figure 6 di
ect without any
the left side, an
d plaque of th

m and on the ve
sitions on the r

sualization 1, five
of entire sequence
rend Iavg(n) (black
lor-coded pulsatile

A(x,y) 

tool to compar
splays the PAA
y eye disease, 
nd Fig. 6(C) is 
he carotid comm
essels are clear
retinal vessels w

e 
e 
k 
e 

re spatial 
A(x,y) for 
Fig. 6(B) 
a subject 
munis on 

rly visible 
with high 

Vol. 9, No. 12 | 1 Dec 2018 | BIOMEDICAL OPTICS EXPRESS 6245 

https://doi.org/10.6084/m9.figshare.7177775


Fig. 6
(A): N
with 
chang
8, resp

The norm
neuroretinal r
left eye. The 
indicate differ
the right eye. 
and Fig. 6(C) 

6. Distribution of p
Normal subject wi
macroangiopathy 

ges of attenuation f
pectively. (D): Co

mal subject (F
rim whereas the
subject with m
rences between
The temporal 
are presented 

pulsatile absorptio
ithout eye disease
and plaque of th

for the subjects dis
lor scale. 

Fig. 6(A)) de
e subject with 
macroangiopath
n the eyes. A 
change in atte
in Fig. 7 and F

n amplitude PAA(
. (B): Patient with
he carotid comm
splayed in (A) and

emonstrates sim
glaucoma (Fig
hy and plaque
striking effect 

enuation A(n) f
Fig. 8, respectiv

(x,y) of both eyes 
h glaucoma on lef

munis on both sid
d (C) are presented

milar values 
g. 6(B)) display
e of the carotid

is the high PA
for the subjects
vely. 

 

for three subjects
ft eye. (C): Patient
des. The temporal
d in Fig. 7 and Fig

on both side
ys reduced valu
d communis (F
AA outside the
s displayed in 

. 
t 
l 
. 

es at the 
ues at the 

Fig. 6(C)) 
e ONH in 
Fig. 6(A) 

                                                                      Vol. 9, No. 12 | 1 Dec 2018 | BIOMEDICAL OPTICS EXPRESS 6246 



3.3 Normal s

Fig. 7
6(A)) 
in AO
in (B)
deviat

Figure 7 disp
neuroretinal r
amplitude (Fi
stable over tim
these five pul
the five pulse
decreasing pa

3.4 Time del

Figure 8 displ
Fig. 6(C) in t
from the right
increasing par
ms) between 
Whereas it is 
five individua

subject 

7. Subject with no 
(A): Average fram

OIs for one heartbe
)). (E): Median v
tion (bluish and re

lays the subjec
rim. In this ca
g. 7(B)) and in
me as indicated
ses with the sta

es have small 
art of the pulses

lay between t

lays the subjec
the same mann
t and left eyes 
rts of the puls

the eyes and
relatively flat 

al pulses for b

eye disease (corre
mes of entire seque
eat. (C): Five indiv
value of five norm
ddish area). 

ct with no eye 
ase, the single 
n normalized p
d in Fig. 7(C)
andard deviatio
standard devia
s. 

the eyes 

ct with macroan
ner as the norm
differ in ampli
es indicate a m
d the descend
for the right ey
oth eyes displ

esponding PAA(x,y
ence indicating AO
vidual pulses. (D): 
malized pulses (di

disease from F
pulses from t

pulse form (Fig
for five pulses
on (bluish and 
ation (SD), wh

ngiopathy and 
mal subject in 
itude (Fig. 8(B
marginal time 
ding part indic
ye, it indicates
ayed in Fig. 8

y) of this subject is
OIs. (B): Change o
 Normalized singl
isplayed in (C)) i

Fig. 6(A). AO
the right and l
g. 7(D)). The p
s. Figure 7(D)
reddish area). 

hereas this is h

plaque of the 
Fig. 7. In this

B)) and in pulse
shift of approx
cates differenc
s higher variati
8(C) are more 

 

s displayed in Fig
of attenuation A(n)
le pulse (displayed
including standard

OIs were select
left eyes are s

pulses are also r
displays the m
The increasing

higher at the en

carotid commu
s case, the sing
e shape (Fig. 8
ximately one f
ces between t
ion for the left 
stable for the 

. 
) 
d 
d 

ed on the 
similar in 
relatively 

median of 
g parts of 
nd of the 

unis from 
gle pulses 
(D)). The 
frame (40 
the eyes. 

t eye. The 
right eye 

                                                                      Vol. 9, No. 12 | 1 Dec 2018 | BIOMEDICAL OPTICS EXPRESS 6247 



compared to 
displayed in F

Fig. 8
comm
(A): A
AOIs 
in (B)
reddis

3.5 Compari

The spatial d
analyze the t
comparison o
AOIs were se
bifurcations o
Average fram
absorption am
amplitudes at
immediately 
ONH. To com
is high agreem
increasing par
differ. The in

the left eye, 
Fig. 8(E). 

8. Subject with no 
munis on both side
Average frames of
for one heartbeat

)). (E): Median va
sh area). A time sh

ison of attenu

distribution of P
temporal chan

of attenuation c
elected at the e
of the vessels. T
mes of the sele
mplitude PAA(
t the ONH are 
after a bifurca

mpare the pulse
ment in the pu
rt of the pulses

ncreasing part a

which can als

eye disease, how
es (corresponding 
f entire sequence 
. (C): Five individ

alue of five norma
hift between both s

uation change

PAA(x,y) allow
nge in absorpt
changes betwee
entire ONH an
The spontaneo
ected video seq
(x,y) are displa

similar betwe
ation indicate 
e form, normal
ulse form for c
s, however the 
at the vessels i

so be observe

ever with macroan
PAA(x,y) of this 
displaying AOIs. 

dual pulses. (D): N
alized pulses inclu
sides is clearly visi

es between di

ws locating are
tion A(n) can 
en different po

nd on small are
ous vein pulsat
quence and th
ayed in Fig. 9
en the eyes; h
considerable 

lized single pu
corresponding 
pulse form at t
is delayed com

ed in the medi

ngiopathy and pla
subject is display
(B): Change of a

Normalized single
uding standard dev
ible. 

ifferent positio

eas with high 
be selected. 

ositions and bo
eas on retinal v
tion can be obs
he spatial distr
(A) and Fig. 9

however, the sm
higher attenua

ulses are displa
areas for both
the different p

mpared to the O

ian pulses and

 

aque of the carotid
yed in Fig. 6 (C))
attenuation A(n) in
e pulses (displayed
viation (bluish and

ons and both 

PAA, and po
Figure 9 disp

oth eyes. Corre
veins immedia
served in this s
ribution of the 
9(B), respectiv
mall AOIs on 
ation changes 

ayed in Fig. 9(D
h eyes, especia
ositions within
ONH by appro

d the SD 

d 
. 
n 
d 
d 

eyes 

sitions to 
plays the 
esponding 
ately after 
sequence. 

pulsatile 
vely. The 
the veins 
than the 

D). There 
ally at the 
n the eyes 
oximately 

                                                                      Vol. 9, No. 12 | 1 Dec 2018 | BIOMEDICAL OPTICS EXPRESS 6248 



two frames (8
9(E) and Fig. 

Fig. 9
Avera
AOIs 
displa
heartb
five n
(bluis
bendin
heartb

3.6 Skipped 

Figure 10 dis
without systo
frames) with 
all color-code
modified com
and blue corr
heartbeat caus
and 75 in both

80 ms). The m
9(F)) indicate 

9. Comparison of 
age frames of sele

(circles, ovals). 
ayed in gray scale 
beat. (D): Normali
normalized pulses 
h and reddish are
ng vessel (Vessel
beat as a video seq

heartbeat 

splays the reco
le. Figure 10(A
selected AOIs,
ed frames A(x

mpared to the co
esponds to red
ses a significan
h eyes compare

median (includin
high stability o

f attenuation chang
ected video sequen
(B): Spatial distr
without color cod
zed change in inte
for the right and

ea). Visualization 
l 2). Visualization

quence with Frame

ording of five 
A) displays the
, Fig. 10(B) th

x,y,n) of both 
olor coding in 

duced blood vo
nt blood volum
ed to normal va

ng SD) of five
of the pulses in

ges between diffe
nce (30 frames) (V
ribution of pulsat
ding. (C): Change 
ensity A(n) in AOI
d left eye, respect

2 display a chan
n 3 displays the s
e 3 as a reference.

heartbeats of 
e average frame
e change of att
eyes of the e
the other Figs

olume compare
me decrease (ap
alues at the beg

e individual pu
n this case. 

erent positions an
Visualization 2) d
tile absorption am
of attenuation A(n

Is. (E) and (F) disp
tively, including s
nging vessel calib
spatial distributio

a subject with
e of the entire 
tenuation in th

entire sequence
s. Red represen
ed to reference
pproximately 8
ginning of a he

ulses for each A

nd both eyes. (A)
displaying selected
mplitude PAA(x,y)
n) in AOIs for one
play the median of
standard deviation
er (Vessel 1) and

on A(x,y,n) of one

h one skipped 
selected seque

he AOIs, and F
e. The color c

nts higher bloo
e Frame 1. The
8%) between F
eartbeat. 

AOI (Fig. 

 

: 
d 
) 
e 
f 
n 
d 
e 

heartbeat 
ence (119 

Fig. 10(C) 
coding is 
d volume 
e skipped 

Frames 50 

                                                                      Vol. 9, No. 12 | 1 Dec 2018 | BIOMEDICAL OPTICS EXPRESS 6249 

https://doi.org/10.6084/m9.figshare.7177772
https://doi.org/10.6084/m9.figshare.7177772
https://doi.org/10.6084/m9.figshare.7177778


Fig. 1
frame
right a
(C): C
volum
corres
from t

4. Discussio

The develope
changes of bo

There are 
reason is the 
light. Recentl
been demonst
scattering and
compression, 

Figure 6(A
and glaucoma
neuroretinal 
intensity chan
magnitudes in
number of aut
RNFL thickn
peripapillary 
e.g [35,36]. 
speckle flow
described, e.g
absorption, w
The example
attenuation th
volume during

However, 
It was shown

10. Patient with sk
es) with AOIs. (B)
axis). Reference v

Color coded PAA(x
me and blue less 
sponds to the green
the heartrate. 

on 

ed instrument a
oth eyes simulta

different reas
changing bloo

ly, in the appli
trated that the 
d absorption c
which occurs o

A) and Fig. 6(
a subject (B) 
rim with sma

nges related to 
ndicate reductio
thors have pub
ness and othe
capillary dens
The positive 
graphy as me
g [37,38]. The

which is in acco
e with a skip
hat could be ex
g the skipped h
there are also 

n that there is h

kipped heartbeat. (
): Change of abso

value is the beginn
(x,y,n) of both eye

blood volume co
n color). The starti

allows the mea
aneously with 
ons for pulsati

od volume with
cation of imag
reflected ligh

oefficients. Th
owing to artery
(B) display the
with reduced

all capillaries 
blood effectiv

on on the neuro
blished that a st
er parameters 
sity examined 
correlation be

ean blur rate
e PAA reducti
ordance with ca
ped heartbeat 
xplained by dia
heartbeat. 
other reasons 

high directiona

(A): Average fram
orption A(n) in sel
ning of the first he
es of the entire seq
ompared to the f
ing position of the

asurement of ca
high spatial an
ile cardiac cyc
h resulting cha

ging photo plet
ht intensity is m
hese are propo
y pulsation. 
e spatial distrib

d RNFL on th
supplying th

ve attenuation a
oretinal rim fo
tatistically sign
related to re

by OCT angio
etween blood 

parameter) a
ion is linked 
apillary density

(Fig. 10) al
astolic blood o

for cardiac cyc
ality of tissue s

me of entire select
lected AOIs (with
eartbeat in this seq
quence. Red indic
first frame (refere
e (skipped) heartbe

ardiac cycle-in
nd temporal res
cle-induced att
anges in absor
thysmography 
modulated ow

ortional to the 

bution of PAA
he left eye. A
he nerve tissu
are expected in
r the glaucoma
nificant correla
etinal capillari
ography inside
flow velocity

and RNFL thi
to a reduction
y reduction an
so demonstrat
outflow resulti

cle induced lig
scattering, e.g.

ted sequence (119
h color bar on the
quence (Frame 1)

cates greater blood
ence value “100”
eat (3) is estimated

nduced light at
solution. 
tenuation chan
rption and scat
on the skin [3

wing to change
degree of the 

A(x,y) for a he
AOIs are place
ue. Therefore, 
n this region. T
atous left eye. A
ation exists bet
ies, particulari
e and around t
y (determined 
ickness has a
n of the blood
d blood flow r
tes decreasing
ing in decreasi

ght attenuation
. from the retin

 

9 
e 
. 

d 
” 
d 

ttenuation 

nges. One 
ttering of 

34], it has 
s of both 
capillary 

althy (A) 
ed on the 

pulsatile 
The PAA 
A limited 
tween the 
ity radial 
the ONH, 

by laser 
also been 
d volume 
reduction. 
g relative 
ing blood 

n changes. 
nal nerve 

                                                                      Vol. 9, No. 12 | 1 Dec 2018 | BIOMEDICAL OPTICS EXPRESS 6250 



fiber layer [39–41]. Using high-speed spectral domain optical coherence tomography, An et 
al. [42] found that the ONH experiences continuous oscillatory axial motion that is strongly 
correlated with simultaneously measured pulsatile blood flow in the central retinal artery. The 
amplitude of the ONH movement was approximately 4 µm. The increase of retinal thickness 
caused by expansion of the retinal vessels is in the range of 1 µm as measured by Spahr et al. 
using phase-sensitive full-field swept-source optical coherence tomography [43]. Schmetterer 
et al. [44] investigated the distribution of fundus pulsation amplitude in a region of −15° to + 
15° around the macula using a laser interferometric method. The average fundus pulsation 
amplitude in the ONH was approximately 10 µm. 

These cardiac cycle induced sample movements in conjunction with the directionality of 
the tissue scattering could result in cardiac cycle induced intensity changes. Additionally, 
changes in scattering due to changes of orientation of blood constituents (e.g. red blood cells) 
over the cardiac cycle could also result in intensity changes. 

Further work is necessary to clarify the contribution of the different effects described here 
on the origin of the cardiac cycle induced attenuation changes. 

Changing attenuation due to the pulsation of large retinal blood vessels and even small 
vessels, which are visible owing to their changing blood volume or their movement, can also 
be observed. This is documented in Fig. 9. If the vessel diameter changes according to the 
cardiac cycle, there are areas with high PAA along the vessels. This is caused by the fact that 
the vessels are darker than the background and positions near the vessels have high reflection 
when the vessel caliber is small (at the beginning of the heartbeat) and become darker when 
the vessel caliber increases (at the peak of the heartbeat). This can be observed in the vein 
depicted as Vessel 1 in Fig. 9. In this case, the vein exhibits large diameter pulsation causing 
PAA changes around the vein. 

Furthermore, vessels that bend and change their position, to a small degree, based on the 
cardiac cycle also change the image intensity and values of PAA(x,y) at corresponding 
locations. Reduced PAA(x,y) values result in areas where the vessels are located at the 
beginning of the heartbeat and high values where they are located at the peak of a heartbeat. 
This can be observed in Vessel 2 in Fig. 9(B) and the corresponding video sequence 
(Visualization 2). Whereas these results can help to locate moving vessels, it must be noted 
that precise image registration is necessary for this evaluation; otherwise, artifacts are created. 
Although in many cases the registration provides satisfactory results, other cases could fail for 
specific frames (due to eye movement, saccades, and blinking) [28]. The amount of vessel 
movement and pulsation has been observed as being highly variable among subjects. Two 
examples presented herein demonstrate a significant amount of vessel movement in 
Visualization 2, yet only minimal movement in Visualization 1. 

Beyond the evaluation of PAA, the time shift of pulse parameters (i.e., the position of 
minima or maxima) between sides could be an important parameter to detect deviation from 
normal values due to beginning diseases. For the subject with macroangiopathy and plaque of 
the carotid communis displayed in Fig. 8, a time shift of pulse parameters between sides can 
be clearly observed. Carotid atherosclerosis could cause different ocular symptoms [45] and 
carotid stenosis has been proven to influence the arm to retina circulation time (ARCT), 
particularly ARCT delay, disparity of ARCT between the eyes, and delayed ciliary circulation 
at the optic disc [46]. As the level of carotid stenosis is not symmetric, it leads to an impaired 
blood flow in the ophthalmic artery and the posterior ciliary arteries causing differences in 
ocular pulse amplitude [3] and possibly differences in dynamic patterns in corresponding 
retina. 

Another noticeable time shift was observed between A(n) of the entire ONH and the small 
AOIs placed on retinal veins (Fig. 9). We found these delays to be in the range of 2–3 frames, 
corresponding to 80 ms to 120 ms. Similar delays regarding the spontaneous vein pulsation 
phase following the arterial phase have been described in Morgan et al. [12] and Moret et al. 
[47]. 
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The assumed time shift indicated in Fig. 8 is in the range of one frame. To better detect a 
time shift, the temporal resolution of the instrument could be improved by increasing the 
frame rate and reducing exposure time. In this case, the light intensity also must be increased. 
This can be increased up to a factor of “7” without leaving the safety range of retinal 
illumination for unlimited exposure. 

Compared to existing (monocular) video ophthalmoscopes that are based on (modified) 
standard fundus cameras or slit lamps with digital SLR (single-lens reflex) cameras (e.g., 
Canon, Nikon) as the image detector and tungsten halogen lamps as the light source, e.g 
[12,13], the instrument proposed herein has several advantages. 1) The contrast for small 
blood volume changes is 60% higher because the narrow spectrum of the LED coincides with 
an absorption maximum of blood. Conversely, in commercial instruments used for video 
acquisition, a tungsten halogen lamp is used as the light source and the green channel of the 
SLR cameras as the detector. Hence, parts of the spectrum that are only marginally influenced 
by the light absorption of the blood reduce the contrast. 2) The intensity of illumination is 
significantly reduced because the selection of the wavelength is performed in the illumination 
beam pathway and not in the imaging beam pathway. In fundus camera-based systems, the 
fundus is illuminated with the entire spectrum and only a relatively small range of the 
spectrum contributes to the changing light absorption. 3) Digital SLR cameras have a 
nonlinear transfer function that is optimized for color photography, not for quantitative 
measurements. There is no proportional relationship between light input and the resulting 
image intensity. Even logarithmic correction does not lead to an exact proportional relation 
because the transfer function is typically not described by a power law expression, Output = 
Inputγ, as it is designed for the “gamma correction” of computer monitors. Due to the non-
proportional relationship, the calculated light attenuation depends on the light intensity. 4) 
The spectrum of tungsten lamps changes if the brightness is changed, e.g., for setting the 
image intensity. For quantitative evaluation (comparison of subjects, repeated measurements 
of the same subject), the tungsten lamp must be used at a fixed intensity level. 5) Over the 
data acquisition time of 10 s, an internal fixation ensures more stable fixation compared to 
external fixation with the contralateral eye. 

It must be noted that the presented examples demonstrate the unique characteristics of the 
instrument and possible clinical applications; however, no conclusions should be drawn from 
the limited sample size. In the future, this instrument will be applied in a clinical study to 
assess normal values of different parameters (PAA, pulse form, and time shift) in a larger 
population to compare the results from patients with the results from normal subjects. It will 
also include other clinical parameters such as visual field, nerve fiber layer thickness, IOP, 
and the condition of the carotid arteries. 

5. Conclusion 

Because of the narrow band light source with a wavelength close to the peak of the blood 
extinction, proportional transfer function, internal fixation, and robust registration software, 
cardiac cycle-induced light attenuation changes caused by pulsatile changing blood volume 
can be quantitatively measured at any area of interest within the field of view of the video 
sequences. The parallel acquisition allows precise comparison of the parameters of pulsatile 
absorption changes and determination of the time shift between both eyes. The developed 
instrument is small, can function on battery power, and is low-cost and easy to use. It will be 
applied in a clinical study to determine the correlations of the new parameters, PAA, 
amplitude, and time shift with diseases such as glaucoma and stenosis of the carotid arteries. 
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